I. INTRODUCTION
Modern technology has led to the use of huge amounts of electricity in the present era. It would not be wrong by any means to say that the usage of electricity has become inevitable in every walk of our lives. The existing grid was designed years ago keeping in mind such increase in its usage in the years to come. However, the time has come when the existing grid requires expansion, improved technology, better security and restructuring to accommodate the ever increasing demand. With the advent of the smart grid, a lot of these concerns will be addressed. Besides, extensive research is being carried out in industry and academia to address these issues. North American Electric Reliability Corporation (NERC) defines a cascading failure as "The uncontrolled loss of any system facilities or load, whether because of thermal overload, voltage collapse, or loss of synchronism, except those occurring as a result of fault isolation" [1] .
In power grid, flow dynamics depend greatly on the electrical characteristics such as the voltages, impedances, and the difference in the phase angles of a given pair of buses between which the transmission line is present. The system instability can be detected by monitoring one or more of the system quantities such as a sudden change in power flow through specific transmission lines, change of bus voltage angles, etc [2] . If a single line gets overloaded or trips, its power can be immediately re-routed to a different line and the disturbance may be suspended. But sometimes, the other line is also already overloaded and must re-route its increased load to its neighbors. This redistribution of power may lead to the subsequent overloading of other lines causing their malfunction at the same time and the consequence could be a cascade of overloading failures.
Such incidents have taken place in the recent past, like the 1996 blackout in the Western states [3] , [4] and the Northeastern blackout of 2003 [5] . Electric power systems collapsed in Denmark, Italy, and the United Kingdom within weeks or months of the 2003 U.S. blackout [6] . Very recently in 2012, India faced a grid collapse which affected 600 million people and was pronounced as the largest blackout in global history in terms of the number of people affected [7] .
Large-scale blackouts are due to the concurrent malfunction of a number of transmission lines and power generators often triggered by an initial failure or failures, such as the breakdown of a power line. This is discussed in [8] with the help of a hidden failure model in which some components of the system such as relays have defects that remain dormant until abnormal operating conditions are reached. The authors of [9] have shown that if a line L which shares a bus with other lines fails, the hidden failures in all the other lines sharing the bus are exposed.
If a system instability is detected, sometimes it is necessary to shed selected loads to balance generation and load. Sometimes this load shedding helps to maintain stability without the need for system separation or islanding [2] . The use of load shedding as a mitigation technique has been evolving since several years and different approaches have been proposed in the past [10] , [11] , [12] .
In this paper, we present three load reduction strategies and their thorough analysis, to mitigate cascading failures in power grid: Homogeneous load shedding strategy, linear optimization, and tree heuristic. The homogeneous load reduction strategy is a very simple method for executing load shedding and can be used for some very specific and extreme emergency situations in spite of its limitations. It reduces an equal percentage of load in all the buses of the system, making it fair in its execution. At the same time, it is linear and shows low complexity even for large systems. However, since it sheds load in all the buses, the overall load shedding for this strategy is much higher than the other two strategies discussed further. The optimization formulation uses a linear programming technique with an objective to satisfy as much demand in the system as possible. However, the optimization sheds all or a large percentage of load in very few buses to achieve this objective. Thus, it is not fair in the way it sheds load in the system. Also, although polynomial in complexity, it becomes inefficient for large system sizes. As a result, we propose a novel heuristic called the tree heuristic. This heuristic has the same objective as the optimization, that is to satisfy as much demand in the system as possible but it does so in a fair way. It sheds an equal percentage of load in a small part of the system using a tree, and it is found that the buses used for load shedding by the optimization are always a subset of this tree. It is linear in complexity and is more efficient for large systems. The tree heuristic, in general, gives near optimal results. This has been validated numerically as well as graphically by plotting the result of the tree heuristic against an optimal curve. We also verified that the tree heuristic is better in performance than another local load shedding heuristic proposed in literature. These results are discussed later in the paper. However, there are certain cases when the tree heuristic cannot give a solution, based on the system elements that are used to determine the tree. We discuss such cases and give some critical insights on the role of system elements later in the paper. In summary, the following are the main contributions of this paper:
• A novel, efficient and fair heuristic for load shedding
• Critical insights on the impact of network elements on the cascading process Each of the load reduction strategies has been tested on the 14-, 30-, 57-, 118-and 300-bus IEEE test systems available at [13] . We compare the three strategies on the basis of running time complexity, number of buses involved in load reduction, fairness in load reduction, overall load reduction and the number of cases in which the strategy is effective. Results have been presented in the form of graphs and tables to show the merits and demerits of each strategy.
The paper is organized as follows: Section II describes the previous work that has been done in this field. In Section III, we present the homogeneous load reduction strategy as the base line strategy. In section IV, we describe and explain the optimization formulation with the advantages and drawbacks.
Further, in Section V, we propose the tree heuristic, describe the algorithm for its implementation and its merits over the optimization along with its disadvantages. We also show the result graphically with respect to the optimal curve and then go on to compare the performance of the tree strategy with another heuristic presented in [14] . Results, and Conclusions, along with future work are presented in Sections VI and VII, respectively.
II. RELATED WORK
In the past, researchers have analyzed different mitigation strategies for blackouts in power grids.
The authors of [15] have mentioned that their findings suggest, counter intuitively, that sometimes sensible attempts to mitigate failures in complex systems like power grids can have adverse effects and therefore must be approached with care. The authors have considered three types of mitigation measures and evaluated their impact on the frequency of large and small size blackouts. They suggest that mitigation measures, such as reducing the probability that an overloaded line suffers an outage, requiring a certain minimum number of lines to get overloaded before an outage occurs or increasing the generation margin shifts the dynamic equilibrium of the system and brings it to a point of selforganized criticality, reducing the risk of large blackouts. Similar analysis has been carried out in [8] .
However, [16] has two other methods of mitigating cascading failures, namely survivability and reciprocal altruism. Besides these newly proposed strategies, load shedding has been a classical and a quite reliable mitigation strategy. There have been several discussions on optimal load shedding in literature recently and in the past [10] , [12] , [17] , [18] , [19] , [20] , [21] , [22] . [17] proposes a load shedding method in steps with an equal frequency spacing between steps with an aim to avoid over shedding. [10] shows a non-linear optimization formulation for load shedding during emergencies with distributed generation.
They have considered the complexity that arises when distributed generators are included in the system. The authors of [20] propose an optimization problem for load reduction with relaxed constraints. They are of the view that if we allow the voltage to go below its minimum limit and the power flow to go beyond the capacity of the transmission lines for a very short duration, shedding of few loads would be sufficient to mitigate the problem and some of the load cuts can be prevented. [19] use a linear optimization formulation to study load shedding but as two sub-problems. The first sub-problem aims at maximizing the voltage magnitudes of weak buses while the second sub-problem addresses standard load shedding incorporating technical and economic effects. [21] deals with an adaptive load shedding scheme in which the load shedding is adapted to suit the size and location of the experienced disturbance using the local frequency rate information. There has been more recent work on adaptive and combinational load shedding by a lot of researchers. Different methods for adaptive load shedding are adopted in [23] , [24] , [25] , [26] , [27] , [28] . The authors of [18] talk about interruptible and uninterruptible parts of every load and suggest shedding the interruptible part of every load in the system as a mitigation strategy.
Most of the above strategies are non-linear and might be difficult to use during emergency situation.
Moreover, as the system size increases, complexity increases and there might be some convergence problems. As a result, we propose the following three strategies on load reduction: Homogeneous load shedding, optimal load reduction and tree load shedding heuristic. These strategies are discussed in details in the following sections.
III. HOMOGENEOUS LOAD SHEDDING STRATEGY
The homogeneous load shedding is a base line load shedding strategy and very simple to implement.
This strategy reduces load at all buses in the system by an equal percentage after the initial failure takes place. The percentage of load shedding depends on the location of the initial failure and how critical it is to the system. This can be decided in the planning stages of the system and all the information can be known to the operator previously so that immediate action can be taken when needed. Obviously, this strategy always works and is linear in complexity but the overall load shedding by this strategy is much higher than the other two strategies discussed further, for the simple reason that it reduces load at all buses without determining any specific locations. Thus, is it very simple and quick but at the same time inefficient. We would like to determine quantitatively the amount of additional load shedding required by this strategy to stop a cascade after the initial failure takes place. Results for this strategy and its comparison with the other strategies are discussed in the following sections.
The power flow calculations for each strategy is based on the DC power flow model. During emergency situations, quick and simple techniques are needed to control the unwanted situation and even though less accurate, the DC power flow model serves the purpose in such situations. At the same time, the DC model is linear and does not face any convergence issues. In the past, the DC model has been used to study various problems [29] , [30] , [31] .
IV. OPTIMIZATION FORMULATION
After the initial failure, there is a need to redistribute the power that was flowing through the failed line, among the neighboring lines. However, since each of the lines have a limit to which they can carry additional power, which is known as the capacity of the lines, care must be taken to redistribute power so that none of the other lines are overloaded. In other words, we need to prevent any other failures due to the initial failure. As a result, sometimes there is a need for load reduction on the buses. However, it is important to know the correct location and amount of load reduction that would solve the purpose, unlike the homogeneous strategy in which even buses which might not be affected by the initial failure at all have to undergo load reduction.
The objective of the optimization formulation is to satisfy as much demand in the system as possible and if there is a need to shed load then find the optimal location and amount for load reduction. It considers the presence of multiple generators in the system. The optimization is based on the DC power flow model [32] , [33] and uses linear programming techniques.
The problem description is as follows:
Given: 
where
As seen from the objective function, the optimization aims at maximizing the amount of load satisfied, Considering these drawbacks, we propose a heuristic called the tree load reduction strategy for the optimization formulation. The tree heuristic is described in the next section.
V. TREE LOAD REDUCTION HEURISTIC
Similar to the objective of the optimization, this strategy also aims at satisfying as much demand as possible for all buses in the system. It considers load reduction by equal amount on a small subgraph of the system, which is a tree, formed by buses and lines that might be directly or indirectly affected by the re-routing of power due to the initial failure. However, it must be noted that this is not just a forwarding tree but a directional tree carrying the maximum power from the root to the end buses as compared to any other tree starting from the same root. The tree is formed on the demand side of the failure with the root being the demand side bus of the initially failed line. It then propagates until it encounters a generator, a peripheral bus or a sink bus. Once the tree for the given failed line is discovered, an equal percentage of load is reduced on every bus in the tree. Thus, the tree strategy exercises fairness in its execution unlike the optimization. Also, the average running time as well as the worst case complexity of the tree heuristic is O(N ). The set of buses that form the tree for a particular failure and the amount of load shedding to be carried out on this tree to completely protect the network from further failures can be decided in the planning stages and be known to the operators, making it possible to implement it in real-time. We observed that the buses selected for load shedding in the optimization are always a subset of the buses selected in the tree. However, this fairness in load shedding for all buses in the tree might not be effective in all cases and therefore, this heuristic does not work for every line in the system. The important thing to note, however, is that in all the cases that this strategy works, the amount of overall load shedding is equal to or slightly higher than the overall load reduction of the optimization. For more clarity, we plotted an optimal curve for a given link of the 14-bus system by varying the lower bound on the load satisfaction constraint, from 0 to 1 in steps of 0.1 and also plotted the result of the tree strategy against this curve as shown in Figure 1 . The difference between the optimal and the tree value is only 2.64 * 10 −3 . The optimal curve and result for the tree strategy for a given failure of the 300-bus system is also plotted in Figure 2 .
The algorithm for discovering the tree is described further. After the tree is discovered, an equal percentage of load is reduced on all the load-carrying buses of the tree. However, there are times when the tree obtained by this process is very small and the buses forming the tree do not carry enough load such that an equal reduction of load on all the buses of the tree can give a solution that will keep the system intact. In some other cases, the maximum power transfer tree consists of buses which are mostly transit buses that help in the transfer of power from the failed line to the other parts of the system but they themselves carry very little or no load. So load shedding on the tree in this case will not help to stop the cascade. In some particular cases, there might be a need to shed an additional amount of load in a particular bus than equal load shedding on all the buses of the tree. In such cases, even a high percentage of load shedding might not be able to avoid the overloading of a few lines around the initial failure and there might be a need to allow for the failure of a few overloaded elements in order to preserve the remaining system. At such times, the optimization is a better load shedding strategy. Thus, we can conclude that the tree heuristic, although quite efficient when it works, is unable to give solutions for all the possible line failures in the system. Most importantly, the amount of load carried by all the buses of the tree affects the working of this strategy.
Algorithm 1 Algorithm for discovering the load shedding tree
For the IEEE systems that we have considered, the tree heuristic works for 80% of the cases for the 14-bus system, 61% cases for the 30-bus system, 61% cases for the 57-bus system and 59% cases for the 118-and 300-bus systems.
The Figure 1 shows the result of the tree strategy against the optimal curve for line 3 of the 14-bus system. The x-axis shows the percentage of maximum allowable load shedding for all the nodes of the system after the failure of the initial line 3. The y-axis represents the total load served in the system.
The blue stars represent the optimal curve while the red square represents the result of the tree strategy.
The difference between the result of the tree strategy and the corresponding point on the optimal curve is only 2.64 * 10 −3 . Similarly, the result for line 185 of the 300-bus system is shown in Figure 2 . The analysis was carried out for all the lines of all the test systems and similar results were seen.
The Figure 3 shows the comparison between the optimization and the tree heuristic for all the links in the 118-bus system. The x-axis represents the ratio of overall load shedding for all the working cases of the 118-bus system. The y-axis represents the percentage of lines. As seen from the histogram, approximately 70% of the working cases have exactly the same overall load shedding by the tree heursitic as by optimization. The other thing to note here is that for the remaining 30% of the cases, the load shedding by the tree heuristic is around the optimal except for a very few cases when it strays away from the optimal.
A. Comparison with a local load shedding heuristic
The heuristic approach to local load shedding is presented in [14] . For simplicity, we will call it heuristic 2. In this heuristic, the node set for load curtailment is found based on the forward and reverse power flow tracing in the vicinity of the overloaded line. The amount of load curtailed at each bus is in proportion of load at that bus to the total load considered for load shedding. Low computation time and simplicity are the merits of heuristic 2. However, the drawback is that sometimes it gives results that are quite far from optimal.
We implemented heuristic 2 for all the five systems and compared the results of the tree strategy with this approach. We found that in some cases the tree strategy preformed much better than heuristic 2 and at other times the amount of load shedding was equal for both. Also, the tree strategy worked for more cases than heuristic 2 did but for all the cases that the tree strategy does not work, heuristic 2 also does not work. The Table I shows the results for the different load shedding methods discussed so far for all 20 lines of the 14-bus system. It is considered that each line fails, one at a time and is known as the initial failure. All the loads are in per unit. The value under each load shedding strategy is the percentage of overall load shedding by the strategy for the given line failure. These results are also
shown by the graph in Figure 4 . The x-axis represents the line identification and the y-axis represents the percentage of overall load shedding. For some lines, the load shedding bars for one or both heuristics is missing but that of the optimization is present, indicating that the heuristic/s fails to work for that particular line. For some other lines, the bar for the optimization is also missing along with that of the heuristics. These are the cases when no load shedding is required upon the failure of that particular line since it does not cause overloading of any other lines upon its failure.
B. Comparison with the homogeneous load shedding strategy
The Figure 5 represents the overall load shedding when each line of the 14-bus system fails, one at a time. The x-axis represents the line id while the y-axis represents the percentage of total load shedding in the system. As discussed before, the tree heuristic does not work for all the cases. For the 14-bus system, the tree heuristic works for 80% of the lines in the system and so the graph shows the results for those 80% cases. Certain lines show a load shedding of 0% which means they do not require any mitigation upon their failure. This is possible if there is enough buffer capacity in the neighboring lines of this failed line to re-route the additional power or this line was not carrying a heavy load in the very first place. Similarly, the Figure 6 represents the overall load shedding for the 118-bus system. For clarity, only a sample of the lines for the 118-bus system are shown. The results and comparisons are discussed in more detail in the next section.
The results show that the homogeneous strategy reduces a large percentage of load as compared to the other strategies. However, due to its simplicity and linearity, it can be useful to mitigate cascades in situations when it is much more important to implement a remedy rather than to check the efficiency of it. As seen from the graphs, as long as the homogeneous strategy mitigates the cascade with up to 50% load shedding, it can be useful in the absence of the other strategies. The table II shows the general comparison between the three strategies.
VI. RESULTS Figures 1, 2 and 3 show the comparison between the optimization and the tree heuristic with the help of the optimal curve and the histogram. The optimal curve shows the result for a single line of the 14-bus system whereas the histogram shows the result for all the lines of the 118-bus system. The histogram shows that the tree heuristic works efficiently, in general, for the larger systems also. Table I and Figure 4 show the comparison of the overall load shedding for all the 20 lines of the 14-bus system among optimization, tree heuristic and heuristic 2, a local load shedding heuristic previously implemented in [14] . These comparisons clearly validate the efficiency of the tree strategy and its ability to give near-optimal results for all the working cases. Table II shows a general comparison between the three load shedding strategies. It is seen that the optimization sheds the minimum percentage of overall system load among the three strategies. However, it is not fair in the way it sheds load; it sheds an excessive percentage of load for a few buses and has a polynomial running time. Considering these drawbacks of the optimization, we proposed the tree heuristic which implements fairness in its execution and has a linear running time complexity. However, we found that this fair load shedding for a larger number of buses might not be the most efficient strategy in every case. There might be failures which are more severe than the others and in such cases a larger percentage of concentrated load shedding might be a better option. The homogeneous load shedding heuristic is a base line heuristic and reduces an equal percentage of load in all the buses of the system. In times of emergency, this might be a very quick strategy to implement even for large systems. However, the overall percentage of load shedding required by this strategy is much higher than the other two strategies. Table III shows three representative cases for each of the IEEE 14-, 30-, 57-, 118-and 300-bus systems. In the table, the three cases for each system were picked from the set of cases for which the tree heuristic was able to keep the entire system intact without losing a single additional element after the initial failure. There were several cases in which the tree heuristic could save the entire system besides one or two additional failures but these cases were not a fair comparison with the optimization and homogeneous strategy which preserve the entire system at all times and so were not included in the analysis. The table shows the number of buses involved in load shedding and the total overall load shed for the representative cases of each system, for the three strategies.
The optimization and the tree heuristic are very close in their performance but quite different in the initial set-up and implementation. The homogeneous is very simple in both initial set-up as well as implementation and can be used in extreme emergency situations but it is a very basic strategy and not a very efficient load reduction technique. Figure 5 shows the comparison of the three strategies for the 14-bus system. The x-axis represents the line id for the set of lines for which the tree heuristic works. 16 out of 20 possible cases are in the working set for the 14-bus system. The y-axis represents the percentage of total load shed of the system when a particular line is removed as the initial failure. The figure shows that the tree heuristic performs very close to the optimization whereas the homogeneous heuristic causes an excessive load shed in the system for the same initial failure. There are certain lines for which no mitigation in the form of load shed is needed and these are the non-critical lines. Figure 6 shows a comparison of the strategies for a sample of the working cases for the 118-bus system. Only a sample of the working cases and not all the cases were chosen for reasons of clarity because there were too many cases to represent on a single graph. However, this figure shows that the homogeneous strategy performs poorly as the system size goes on increasing.
The three load shedding strategies were tested thoroughly for all the five systems and we observed similar trends in the other systems too.
VII. CONCLUSIONS AND FUTURE WORK
The optimization formulation is a very effective strategy for load shedding since it works in every case where a mitigation strategy is needed and helps to keep the system intact with very little overall load shedding. However, it is not fair in its execution and reduces a large percentage of load on one or very few buses while keeping the load on all the other buses as it is. Thus, it works for the benefit of almost all the customers at the cost of very few customers. At the same time, as the system size increases, the optimization becomes computationally more expensive. This leads us to propose the tree heuristic for the optimization. The tree heuristic works on the same objective as the optimization, that is to satisfy as much load as possible. However, it works on a fair basis to reduce an equal percentage of load on all the load-carrying buses of the tree and is always linear in its operation. We observed that the buses selected for load shedding by the optimization are always a subset of the buses in the tree for any given initial failure. The equal load reduction sometimes does not help to keep the system intact and causes overloading of some neighboring lines. Thus, the tree heuristic does not work in all the cases but in the majority of the cases that it works, its performance is equivalent to the optimization formulation.
The Homogeneous heuristic is the base line strategy; it is very simple to implement and is not expensive computationally. However, it is not a very efficient strategy because it reduces an equal percentage of load on all buses of the system, irrespective of whether it is required for a given bus or not. Thus, although not expensive in computation, it is a very expensive strategy in implementation. However, it might be a reliable strategy in times of emergency when there is not enough time. In general, the optimization and the homogeneous strategies are more centralized in nature whereas the tree heuristic is implemented based on local information and is more distributed in nature.
Our future work includes proposing an optimal islanding scheme as well as heuristics for the same as a mitigation strategy. There is some work discussed in [34] for optimal islanding. Although these islands are optimal, it is usually not a scalable problem. Hence the need to propose heuristics for the same.
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